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摘 要
随着海水代用开发利用规模的迅速扩大，以及高盐工业废水排放量逐年增
加，实现高盐含氮废水的稳定达标治理越来越引起社会的广泛关注。本研究采用
曝气生物滤池工艺（BAF），以牡蛎壳为填料，红树林沉积污泥为活性污泥种泥
启动 BAF 处理模拟高盐废水，分别研究高盐含氨氮废水的硝化驯化特性与高盐
含硝氮废水的好氧反硝化驯化特性，阐明了生物滤池工艺中高盐废水的高效生物
脱氮启动驯化特性。同时，本研究采用聚合酶链式反应（PCR）、高通量测序等
分子生物学方法研究驯化过程至系统稳定运行期间优势菌群的动态变化特征，探
讨高盐废水好氧生物脱氮系统中耐盐及脱氮功能菌群落结构及多样性。主要研究
成果如下：
（1）牡蛎壳填料可满足硝化反应的碱度需求，不外加碱源即可保持 BAF 反
应器内废水 pH 稳定。红树林沉积污泥作为活性污泥种泥接种启动 BAF 具有较
高的活性，在 35 g/L NaCl 盐度和 50 mg/L 氨氮负荷下进行硝化驯化，牡蛎壳曝
气生物滤池成功挂膜时间为 40 d，形成稳定的硝化系统时间为 72 d。在以牡蛎壳
生物膜和悬浮污泥共存的生物相为特征的系统中，AOB 活性高于 NOB，系统中
生长着耐盐高效脱氮微生物，包括自养硝化、异养硝化、反硝化及好氧反硝化菌。
（2）高通量测序研究表明：硝化驯化期间细菌群落物种丰富度和多样性呈
先上升后下降再上升趋势，与古菌群落动态变化相反。红树林种泥中适应高盐环
境的微生物比例较高，同时在培养过程中驯化了大量新的耐盐微生物。间歇曝气，
DO 减半导致群落多样性下降。
（3）代表性的耐盐细菌丰度在硝化驯化 0-7 d 上升，之后不断下降，第 40 d
其丰度只有种泥的一半，驯化末期降为种泥的五分之一。本系统中检测到的耐盐
细菌构成包括海杆菌属 Marinobacter sp.，盐单胞菌科 Halomonadaceae，海洋螺
菌科 Oceanospirillaceae，糖螺菌科 Saccharospirillaceae，假单胞菌属 Pseudomonas
sp.。耐盐古菌的丰度同样为先上升后下降的趋势，但挂膜成功后其丰度达到了种
泥的 30 倍。本系统中检测到的耐盐古菌包括盐红菌属 Halorubrum sp.，盐微菌
属 Halomicrobium sp.，嗜盐杆菌属 Halobacterium sp.，盐盒菌属 Haloarcula sp.。
（4）代表性的脱氮细菌丰度在硝化挂膜驯化期先上升后下降，间歇曝气末
期丰度达到挂膜驯化末期的三倍，碳源减半末期丰度小幅度下降。驯化过程中系
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统 NOB 丰度比例高于 AOB，但整体上 NOB 活性低于 AOB。检测到的脱氮细菌
的构成包括硝化单胞菌科 Nitrosomonadaceae，亚硝化球菌属 Nitrosococcus sp.，
乳酸杆菌属 Lactobacillus sp.，副球菌属 Paracoccus sp.，根瘤菌目 Rhizobiales，
亚硝化单胞菌种 Nitrosomonas_nitrosa及好氧反硝化生丝微菌属 Hyphomicrobium
sp.；代表性脱氮古菌占古菌群落的比例较小，包括 Ammonia-oxidizing archaeon，
Nitrosoarchaeum sp.，Nitrososphaera sp.，甲烷球菌属 Methanosphaera sp.，甲烷
杆菌属 Methanobacterium sp.。
（5）牡蛎壳 BAF 好氧反硝化工艺最佳碳源为乙酸钠，最佳 C/N=10，最佳
pH=6.7，最佳 DO=5.8 mg/L。红树林种泥微生物在高盐含硝氮驯化系统中具有适
应能力强、驯化速度快的特点，在 35 g/L NaCl 盐度含 150 mg/L 硝氮负荷下直接
驯化与逐步提高盐度成功驯化分别需要 28 d、70 d，直接驯化有利提高好氧反硝
化系统活性和稳定性，且形成稳定反硝化系统所用时间是逐步驯化的一半。
（6）好氧反硝化高盐度直接驯化和逐步增加盐度驯化期间细菌群落物种丰
富度均下降，直接驯化末期细菌群落多样性高于逐步驯化，古菌物种丰富度和多
样性均低于逐步驯化。代表性的耐盐细菌丰度在低盐度驯化期间呈下降趋势，高
盐度驯化期间呈上升趋势，在驯化末期低于红树林种泥丰度，而高盐度直接驯化
末期丰度高于红树林种泥丰度。丰度较大的耐盐细菌有假单胞菌属 Pseudomonas
sp.，海杆菌属 Marinobacterium sp.，盐硫杆状菌科 Halothiobacillus，食碱菌属
Alcanivorax sp.，Neptunomonas sp.；代表性的耐盐古菌丰度在直接驯化和逐步驯
化末期都上升，构成包括盐红菌属 Halorubrum sp.，盐杆菌属 Halobacterium sp.，
盐球菌属 Halococcus sp.，盐盒菌属 Haloarcula sp.，盐盘菌属 Haloplanus sp.。
（7）逐步增加盐度进行好氧反硝化驯化与直接驯化末期代表性脱氮细菌丰
度 分 别 为 种 泥 的 4.4 倍 和 6.9 倍 。 丰 度 较 大 的 脱 氮 细 菌 主 要 包 括
Nitrosomonas_halophila，副球菌属 Paracoccus sp.，Pusillimonas sp.，盐单胞菌属
Halomonas sp.，陶厄氏菌属 Thauera sp.，大洋杆菌属 Oceanibaculum sp.；典型脱
氮古菌是 Nitrososphaera sp.， Nitrosoarchaeum sp.，热变形菌纲 Thermoproteia，
甲烷杆菌属 Methanobacteriuma sp.。
关键词：高盐废水；BAF 驯化；好氧反硝化；微生物群落；高通量测序
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Abstract
With the rapid development of the utilization of seawater substitute as well as the
increasing emissions from high-salinity industries year after year, it’s an urgent
technological challenge to achieve the stable operation of high-salinity wastewater
with nitrogen in the field of wastewater treatment. In this study, the mangrove
sediments (sludge) was employed as seed activated sludge to start a BAF process
packing with oyster-shell, in order to investigate nitrification and denitrification
acclimation performance and characteristics on removal of ammonia and nitrate
containing respectively, in simulated high-salinity wastewater, to develop
domestication controlling methods of BAF achieving high-efficiency biological
nitrogen removal from high-salinity wastewater. In addition, objective to analyze the
dynamics of dominant community and the community structure and diversity of
salt-tolerant and nitrogen-removal functional bacteria and archaea during the
acclimation and steady operation, PCR, high-throughput sequencing and other
molecular biotechniques are adopted. The main results were described as follows:
1. Due to oyster-shell media can meet the needs of alkalinity during the nitration
reaction, it’s unnecessary to add alkali source to keep pH stability of the reactor. The
sludge of mangrove sediments possess high activity as seed activated sludge. Both
suspended sludge and biofilm on the oyster-shell surface were observed, and the
activity of AOB higher than NOB during the period nitrification acclimation.
It needs 40 d for BAF success biofilm culturing, and 72 d to build a stable
nitrification systems(99% of ammonia removal rate and no nitrite accumulation),
when directly domestication at the situation of 35 g/L NaCl containing 50 mg/L
ammonia concentration in influent. There are halotolerant and efficient
nitrogen-removal functional microorganisms on the biofilm or in the suspended
sludge, including autotrophic nitrification, heterotrophic nitrification, denitrification
and aerobic denitrifying bacteria.
2. The results of high-throughput sequencing studies have shown that: the
salt-tolerance and nitrogen-removal functional microbial include both bacteria and
archaea, there’s a great proportion of archaea could survived, evolved in simulated
high-salinity wastewater. During the nitrification acclimation, the species richness and
community diversity of bacteria offered a trend of increased at first, then decreased,
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and finally increased, but the dynamics of archaea community was opposite.The
proportion of microorganisms was high which was able to adapt to the high-salinity
environment in the seed biomass of mangrove sediments sludge, and a large number
of new salt-tolerant organisms was cultivated during the period of acclimation. The
community diversity decreased when it was altered to intermittent aeration, and the
DO concentration declined by half. While it exerted little effect on the community
structure, when the carbon nutrition was reduced by half. It’s available to achieve an
efficient biological nitrogen removal system by controlling DO and C/N and other
factors under high-saline conditions.
3. The relative abundance of representative salt-tolerant bacteria increased at 0-7 d,
and then decreased, only half left contrast with seed biomass at the 40th d, and one
fifth only by the end of nitrification acclimation. Marinobacter sp., salinarum sp.,
Pseudomonas sp., Halomonadaceae, Oceanospirillaceae, Saccharospirillaceae, etc.,
are the main bacteria members. Similar to the bacteria, the relative abundance of
representative salt-tolerant archaea increased firstly at 0-7 d, and then decreased. The
difference was that it was 30 times as abudant as seed biomass in the success biofilm
culturing telophase. It had great effect on the salt-tolerant archaea, when DO
concentration and carbon nutrition changed. The community composition includs
Halorubrum sp., Halomicrobium sp., Halobacterium sp., Haloarcula sp.,, etc.
4. The relative abundance of representative nitrogen-removal bacteria increased
firstly, then decreased, and it was 3 times the abundance in the intermittent aeration
period, and then decreased lightly in the period of carbon nutrition lessen by half. In
addition, the proportion of NOB was higher than AOB, but opposite in activity.
Mainly composed by Nitrosococcus sp., Nitrosomona_nitrosa, Lactobacillus sp.,
Nitrospiraceae, Rhizobiales, Paracoccus sp., etc., and Hyphomicrobium sp., which is
aerobic denitrifying bacterial strain. The representative nitrogen-removal archaea
accounted for a small proportion of archaeal community, including Nitrosoarchaeum
sp., Nitrososphaera sp., Methanobacteriuma sp., Ammonia-oxidizing archaeon, etc.
5. This study shows that the optimum environmental condition for aerobic
denitrification process of oyster-shell packing BAF is sodium acetate as carbon source,
C/N=10, pH=6.7, and DO=5.8 mg/L, respectively. The biomass of mangrove
sediments sludge show different features of strong adaptability and rapidly
domesticated at high-salinity and nitrate load. It is positive to improve the activity and
stability of aerobic denitrification system, which employed directly domestication
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than gradually acclimation increasing salinity, and half time was saved.
6. The species richness increased in the period of directly and gradually
increasing salinity aerobic denitrification acclimatization. It showed higher diversity
of bacteria community in the telophase of directly acclimatization than that in the
gradually acclimatization, however, the species richness and community diversity
held opposite results.
The relative abundance of representative salt-tolerant bacteria decreased in the
low-salinity and increased in the high-salinity during the gradually increasing salinity
aerobic denitrification acclimatization, but the abundance was lower in the telophase
than seed biomass of mangrove sediments, while directly domestication was on the
contrary. Pseudomonas sp., Marinobacterium sp., Alcanivorax sp., Neptunomonas sp.,
Halothiobacillus, etc. were the main bacteria members. The relative abundance of
representative salt-tolerant archaea increased in the telophase both directly and
gradually acclimation. The community composition includs Halorubrum sp.,
Halobacterium sp., Halococcus sp., Haloarcula sp., Haloplanus sp., etc.
7. The relative abundance of representative nitrogen-removal bacteria was 4.4 and
6.9 times the abundance of seed biomass in the telophase of directly and gradually
acclimation, respectively, mainly composed by Nitrosomonas_halophila, Paracoccus
sp., Pusillimonas sp., Halomonas sp., Oceanibaculum sp., Thauera sp., etc. The
representative nitrogen-removal archaea includs Nitrososphaera sp., Nitrosoarchaeum
sp., Methanobacteriuma sp., and Thermoproteia, etc.
Key Words: High-salinity wastewater; Acclimation of BAF; Aerobic denitrification;
Microbial community; High-throughput sequencing
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第一章 绪论
1.1 研究背景
1.1.1 高盐废水概述
当前，伴随着经济社会的发展，我国环境问题日益突显，现今及以后相当长
的一段时间内，水环境问题都是主要的环境问题之一。在工业废水和生活污水领
域，高盐废水因其含盐量高，成为较难处理的一类污水。高盐废水是指总含盐量
（以 NaCl 质量分数计）>1%或有机物和总溶解固体 TDS≥3.5%的废水，包括生
活污水、工业废水或其它含盐废水[1]。高盐废水的产生产生途径广泛，水量也逐
年增加，主要来源有以下 2 个方面：
（1）海水代用排放的废水。开发利用海水资源是解决我国沿海地区水资源
问题的重要战略途径。据国家海洋局于 2015 年 8 月发布的《2014 年全国海水利
用报告》[2]，2014 年我国在海南省三沙市已建成 2 个海岛大生活用海水试点。海
水用于居民生活用水的总量和比例都在增加，而在生产生活过程中产生的大量含
盐废水需经过处理达标后才能排放。特别是大生活用水方面，调查显示城市生活
用水中约 35% 用于冲厕，沿海城市如果采用海水代替淡水冲厕，可有效地缓解
用水紧缺的压力，如香港海水冲厕水量约为 76×105 m3/d，普及率已超过 80%[3]，
而大连、青岛、烟台、宁波、厦门、深圳等城市目前也在进行海水冲厕的试点实
践，开发潜力巨大。
（2）某些特殊行业排放的废水中含盐量高，且排水总量正在逐年增大，如
制革、腌制、海产品养殖加工等行业。这些废水中除了含有大量的无机盐，如
Cl-、SO42-、Na+、Mg2+等离子，还含大量有机污染物[3,4]，而有机物的存在进一
步加大了高盐废水的处理难度。近年来，随着人工海滩、人工海景浴场的兴起，
娱乐、旅游行业也成为高盐废水重要的排放源。
制革、海产品养殖加工废水、含海水的市政污水等高盐废水，通常富含有机
物和氮、磷等营养类污染物，直接排放必将对水体（包括海洋）生物、饮水安全、
农业和生态环境产生不利影响，因此营养物质的去除是处理上述废水处理的重要
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环节[5-8]。至 2008 年，氨氮已经超过 COD 成为影响地表水水质的首要指标，2015
年我国颁布的新环保法中更将多类企业废水氨氮排放指标由 15 mg/L 调至 8
mg/L，总氮由 70 mg/L 调至 40 mg/L，而当前含盐废水已超过全世界污水处理当
量的 5%[9]，如何实现高盐含氮废水的稳定达标处理已成为环保领域急需攻克的
技术难关。
1.1.2 高盐废水处理技术
氮素类污染物是造成水体富营养化的主要原因之一，大部分营养型高盐废水
将进入市政污水处理系统或特殊途径处理，但因其盐度高、离子强度大等特点，
给处理带来了极大困难。
（1）离子交换、膜技术及其它物化处理工艺存在处理设备体积庞大、处理
成本高、处理效果差、处理不完全，且可能引起二次污染等缺点。
（2）好氧或厌氧/缺氧的生物处理为现阶段高盐废水最广泛使用的处理技
术，具有相对适用范围广、适应性强、经济高效等优点[10,11]。但由于废水盐分过
高，对微生物生长会产生抑制作用――表现为盐浓度过高时渗透压高，引起微生
物细胞原生质分离；因盐析作用而使脱氢酶活性降低，致使微生物产率系数低，
增长缓慢；高 Cl-浓度对细菌有毒害作用，抑制其增长；由于水的密度增加，活
性污泥容易上浮流失等问题[12,13]。相关研究发现当废水盐度为 3.5 g/L 时，污泥
活性明显受到抑制，污泥絮体开始部分解体，COD 去除率由 95%下降到 60%左
右，盐度达到 6.10 g/L 时，污泥活性系统趋于崩溃，原生动物近乎绝迹，污泥絮
体细碎分散，COD 去除率仅 45%左右[14]。
虽然稀释进水盐度或添加拮抗剂等方法可以解决盐度对微生物的抑制作用，
但同时却增加了处理规模、基建投资和运行费用，更产生淡水资源的浪费，此法
可行性和可操作性较低[15]。在高盐度废水中，碳、氮、磷等污染物通过生物方法
去除已经被证明是可行的，其处理效果是依赖于生物的适应效应或耐盐微生物的
使用[16]。综上所述，在不脱盐、不稀释的条件下，通过驯化、筛选耐盐微生物，
是较为理想且被普遍接受的高盐废水处理方法。
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